Artificial bacteriorhodopsin pigments based on synthetic retinal analogues carrying an electron-withdrawing CF3 substituent group were prepared. The effects of CF3 on the spectra, photocycles, and Schiff base pKa values of the pigments were analyzed. A reduction of 5 units in the pKa of the Schiff base is observed when the CF3 substituent is located at the C-13 polyene position, in the vicinity of the protonated Schiff base nitrogen. The results lead (D) to the unambiguous characterization of the (direct) titration of the Schiff base in bacteriorhodopsin and (ii) to the conclusion that the deprotonation rate of the Schiff base during the photocycle (i.e., the generation of the M412 intermediate) is determined by a structural change in the protein.
Bacteriorhodopsin (bR), the photosynthetic protein pigment in the purple membrane of Halobacterium halobium, operates as a light-driven proton pump leading to ATP synthesis (see refs. 1-3 for reviews). The chromophore of the lightadapted form of bacteriorhodopsin, absorbing at 570 nm (bR570), is all-trans-retinal bound to the e-amino group of a lysine residue via a protonated Schiff base. Accumulated evidence (1) suggests that the protonated polyene structure is not only responsible for the visible absorption of the pigment but may also participate directly in the proton pump. Consequently, a specific pumping mechanism involving the translocation of the Schiff base proton was proposed (4) , based on the assumption that, during the photocycle, the pKa of the Schiff base is markedly reduced (1, 4) .
It is thus evident that determination of the pKa value of the retinyl chromophore is of primary importance for understanding the function of bR on a molecular level. By using flow and stationary methods, Druckmann et al. (5) have detected an acid-base equilibrium between bR560 (the darkadapted form of bR) and a species (bR60) absorbing at 460 nm. By use of resonance Raman spectroscopy, it was shown that bR460 is characterized by a deprotonated Schiff base moiety. The apparent pKa value of 13 .3 ± 0.3 observed for the above titration [pKa(I)] was assigned to a simple equilibrium directly involving the Schiff base:
.)H2Q bR560 (-C~H---) S bR4 (-C=N . ) + H30+ [I] It was pointed out, however, that in principle (e.g., if the Schiff base is inaccessible to H30+ and OH-), the observed equilibrium may not represent the direct titration ofthe Schiff base, but rather that of other groups in bR. Upon titration such groups will induce protein conformational changes that perturb the active site, exposing the Schiff base and thus allowing its deprotonation. We were determined by recording the change in the intensity of the protonated Schiff base (SBH+) band and that of the corresponding deprotonated form (SB).
The absorption maxima of the protonated Schiff bases in methanol were recorded by Schiff base titration with methanol solution saturated with HCl.
Preparation and Titration of Artificial Pigments. The synthetic pigments were prepared by incubation of the retinal analogues with bacterioopsin in 10 mM Hepes buffer (pH 6.5) at 25°C for 1 hr. Titrations were carried out by mixing the corresponding pigment solution with appropriate buffers, monitoring the resulting decrease in the original (protonated) pigment band and the increase in the nonprotonated pigment absorption. Some denaturation with time was observed, especially above pH 12.
Pulsed-Laser Photolysis. Pulsed-laser photolysis experiments with membrane suspensions were carried out using a UV-14DL-200 Molectron dye laser system (8 nsec, 0.5 mJ) described previously (4, 9) . Data digitized using a Biomation 8100 transient recorder were averaged in a Nicolet 1170 computing system. The samples were studied in a 10-mm cell and contained a pigment concentration of 10 uM.
RESULTS AND DISCUSSION Titration of Synthetic Retinals and Artificial Pigments. Chromophores 2 and 3, each bearing a trifluoromethyl group, absorb to the red and to the blue, correspondingly, relative to all-trans-retinal 1 and to polyene 4 ( Table 1 ). The origin ofthis behavior lies in the different location of the trifluoromethyl group relative to the positively charged nitrogen in the Schiff bases of 2 and 3. In 2 the trifluoromethyl group is located in the vicinity of the Schiff base bridge, and due to its electronwithdrawing character, it most probably causes destabilization of the ground state resulting in a spectral red-shift. (In the excited state, migration of positive charge toward the ring reduces the destabilizing effect of the trifluoromethyl group). An opposite effect is observed in polyene 3, in which the trifluoromethyl group is located at the end of the polyene chain. In this case the electron-withdrawing group destabilizes the excited state (relative to the ground state), inducing a blue shift.
The different effect of the electron-withdrawing group on the spectra of chromophores 2 and 3 is also reflected in the respective pKa values. The corresponding titration curves (Fig. 2) show that the apparent pKa of the Schiff base of 2 is markedly lowered (to pKa = 1.8 + 0.1) relative to those of 1 (PKa = 7.4 ± 0.1), 3 (pKa = 7.1 + 0.1), and 4 (pKa = 7.4 + 0.1). The effect is obviously due to the close proximity of the trifluoromethyl group to the Schiff base bridge, which destabilizes the positive charge.
Incubation of the chromophores with apomembrane yielded three pigments [denoted bR625(II), bR480(III), and bR527(IV)]. As shown in Fig. 4 , pigment II [previously prepared by Gartner et al. (6) ] absorbs at 625 nm, a value corresponding to an opsin shift of 5400 cm-1 (see Table 1 ), which is close to that observed for bR570. The opsin shift is defined (10) as the difference between the absorption of the pigment and that of a protonated Schiff base of the corresponding retinal chromophore in methanol solution.
At present the opsin shift in bR is accounted for in terms of a combination offactors: (a) different interactions between the positively charged Schiff base nitrogen and the counterion in the pigment relative to retinal protonated Schiff base in methanol (11) (12) (13) (14) (15) (16) ; (b) a planar s-trans ring-chain conformation (14, (17) (18) (19) (20) ; (c) an ion-pair (rather than a single opsin charge) in the vicinity of the ,B-ionone ring (14, 17, 18) . The smaller (2400-2500 cm-') opsin shifts observed in the case of bR480(III) and bR527(IV) are comparable to those reported for §Difference between the pKa of bR570 and that of the corresponding pigment. analogues characterized by short polyene chains (12) (13) (14) . This is consistent with the lack of the ring-chain effects existing in the natural system, also indicating negligible interactions with the proposed opsin dipole. We now consider the pH effects on the spectra of the corresponding pigments. As shown in Fig. 3 , all the pigments undergo a transition to a high-pH form absorbing below 460 nm. The effect was found to be reversible whenever the original (neutral) pH was restored within several minutes. Such observations are analogous to those made in the case of the bR570 = bR&60 transition (5). We thus identify the alkaline modifications of pigments II-IV [denoted bR420(II), bR360-(III), and bR378(IV), correspondingly] as due to the unprotonated forms of their respective Schiff bases. The absorption maxima of bR460 is strongly red-shifted relative to a retinal Schiff base in methanol (360 nm). This may be attributed to the planarity effect invoked in the case ofthe protonated form in bR570 and possibly also to interaction with nonconjugated negative charge in the vicinity of the ring. [The latter explanation is supported by a study (15) with synthetic retinal analogues, which showed that retinal polyenes are influenced by nonconjugated charges similarly to their protonated Schiff bases.] The absence of red shifts in bR360(III) and bR378(IV), relative to their Schiff bases in solution (Table 1) , is consistent with the conclusion that both parent pigments, bR480(III) and bR527(IV), are devoid of ring-chain conformation effects and do not interact with external opsin charges. The smaller shift in the case of bR420(II), as compared to bR460, is most probably due to the effect of the C-13 trifluoromethyl group on the sensitivity of the spectrum to external charges.
The complete titration curves (Fig. 2) corresponding to the equilibria bR625(II) = bR420(II), [II] [Il] and bR527(IV) = bR378(IV) [IV] yield the values pKa(II) = 8.0 ± 0.2, pKa(III) = 11.9 ± 0.2, and pKa(IV) = 12.1 ± 0.2. Above pH 10.5, a "tailing-off" is observed in the titration curve of bR625(II), extending the titration over a relatively high pH range. We attribute the effect to changes in the Schiff base environment, possibly as a consequence of changes in the protein conformation or due to titration of other protein groups (e.g., tyrosine). In the case of bR480(III) and bR527(IV), the alkaline titration is accompanied not only by an increased amount of the high pH form of the pigment but also by a blue shift in the original 480-nm and 527-nm bands, respectively. The reasons for this behavior may again be associated with changes in the protein structure induced by the high pH.
As summarized in Table 1 , it is clearly evident that the pKa The above observations imply that an intrinsic change induced in the pKa ofthe free retinal Schiff base chromophore is faithfully reflected in that ofthe corresponding bR pigment.
Direct evidence is thus provided that equilibrium I (as well as equilibria H-IV) are associated with the direct titration of the Schiff base nitrogen.
The Photocycles. The main patterns of the photocycles of bR625(II), bR480(III), and bR527(IV) are shown in Fig. 4 . In complete analogy to the case ofbR570, both the initial red shift (associated with the K610 intermediate) and the subsequent blue shift (due to the M412 species) are observed. These observations are consistent with the almost normal protonpumping activity found for bR625(II) (6) . Of special interest are the kinetics of production of the M intermediates, representing deprotonation of-the Schiff base moiety. In all cases they were found comparable to those characteristic of M412. As M4L12-generation process is best analyzed as a double-exponential reaction (21) (22) (23) (24) (25) . As shown in Fig. 5 , in both cases the major component is the slow one. However, in bR625(II) the fraction of the fast component is approximately doubled as compared to M412 (from 15% to 30%). The same applies to the rate of the fast phase, which increases from (14 ± 3) x 104 sec-1 in the case of M412 to (22 ± 3) x 104 sec-1 in the case of M420(II) (at pH 6.5). The rate of the slow phase is almost identical in both cases [(1.3 ± 0.1) x 104 sec-1]. These characteristics were found to be independent of pH over the pH range 4-8.
An analysis of the kinetics of the generation of M412, of its back photoreaction, and ofthe light-induced proton release to the aqueous phase has led to the formulation of a molecular pumping model in which the Schiff base proton is translocated to the aqueous phase via a "hopping" mechanism involving several protein groups (4). The model is based on the conclusion that during the photocycle, the pKa of the Schiff base is shifted from 13.3 (in the dark) to a value (pKa*) less than 5. It is the exact value of pK* that determines the rate of proton transfer from the Schiff base to an appropriately positioned protein acceptor group, resulting in the formation of M412. (In homogeneous aqueous solution, the dissociation rate constant of a general acid is given by the simple relation kd = 1010 x 10-py .)
The observation that CF3 substitution at C-13 shifts the pKa of both the protonated Schiff base and of the corresponding bR pigment by 5 tyrosine-nitration effects on the generation of M412, combined with pulsed-photolysis experiments with UV detection (26, 27) , Kalisky et al. (4) and Rosenbach et al. (28) suggested that the rate of M412 generation is determined by the rate of deprotonation of a tyrosine moiety. The latter process, considered as a prerequisite for the formation of M412, was suggested to be caused by a reduction in the pKa of the tyrosine, induced by the approach of a positively charged group. This sequence has been revised by Hanamoto et al. (25) , who reexamined the rates of both M412 and tyrosinate formation and concluded that the latter reaction closely follows, rather than precedes, the generation of M412. Consequently, they suggested two alternative processes as determining the deprotonation rates of both Schiff base and tyrosine.
(i) The approach of a positive charge resulting in the simultaneous reduction of the pKa of both acids (to pKa in the case of the Schiff base), thus leading to their deprotonation on a comparable time. scale. We note that such a mechanism is in keeping with studies with synthetic model compounds showing that a positive charge in the vicinity of the protonated Schiff base linkage reduces its pKa (M.S. and T. Baasov, unpublished results). However, this mechanism does not represent a unique way for reducing the pKa of the two moieties. An alternative approach may, for example, first invoke dislocation of the positively charged Schiff base nitrogen from a stabilizing protein (dipole) environment, resulting in the reduction of its pKa (29) . The Schiff base proton would then be transferred to an acceptor in a process inducing deprotonation of the tyrosine.
(ii) Repositioning of protein groups required for accepting the Schiff base proton, thus initiating the proton "wire" leading to intraprotein proton translocation. Such an alternative is obviously required if the reduction of the pKa takes place in an earlier stage of the photocycle.
A discrimination between such models is presently impossible. However, any specific mechanism must also account for the observation (4, 25, 28, 30, 31) 
